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We examined the role of ethylene in the production of rice (Oryza sativa) volatile organic 
compounds (VOCs), which act as indirect defense signals against herbivores in tritrophic 
interactions. Rice plants were exposed to exogenous ethylene (1 ppm) after simulated herbivory 
which consisted of mechanical wounds supplemented with the oral secretions (WOS) from the 
generalist herbivore larvae, Mythimna loreyi. Ethylene treatment highly suppressed VOCs in 
WOS-treated rice leaves, which was further corroborated by the reduced transcript levels of 
major VOC biosynthesis genes in ethylene-treated rice. In contrast, the accumulation of 
jasmonates (JA), known to control the VOCs in higher plants, and transcript levels of primary JA 
response genes, including OsMYC2, were not largely affected by ethylene application. At the 
functional level, flooding that is known to promote internode elongation in the young rice via 
ethylene signaling, consistent with the negative role of ethylene, suppressed the accumulation of 
VOCs in water-submerged rice leaves. Furthermore, in the maturing stage rice that naturally 
produced less volatiles, VOCs could be rescued by the application of ethylene perception 
inhibitor, 1-methylcyclopropene (1-MCP). Our data suggest that ethylene acts as an endogenous 
suppressor of VOCs in rice that applies to both plant stress responses and development. 
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Autotrophic plants serve as a nutrition for other heterotrophic herbivorous organisms on the 
planet. As countermeasures against damage from the insect herbivores, plants evolved various 
reactions collectively known as defense responses (War et al., 2012; Bruce, 2015; War et al., 
2018). Constitutive defense systems, that operate in plants regardless of herbivory incidence, 
include cuticles, thorns, spikes, and toxic/anti-nutritive metabolites that often accumulate in 
developmental fashion, effectively reducing herbivore feeding and damage in plants (Wu and 
Baldwin, 2010). In addition to constitutive defenses, induced defense responses are rapidly 
triggered by herbivory in most plant species, which further inhibits the herbivore consumption, 
growth, and survival in the host plants (Kessler and Baldwin, 2001).  
Defense chemicals, both volatile and non-volatile in nature, accumulate in the plant cells, where 
they act as direct defenses, phytoanticipins and phytoalexins (Mithofer and Boland, 2012). In 
addition, a subset of defense metabolites, known as volatile organic compounds (VOCs), is 
released into external environment, acting as attractants of natural enemies intended for 
herbivores (Turlings and Tumlinson, 1992), danger signals for conspecifics, and alert molecules 
for other plants in the neighborhood (Karban et al., 2000; Erb, 2018). It has been reported that 
some volatiles can be directly absorbed by neighbors, modified, and used as direct defense 
compounds against herbivores (Sugimoto et al., 2014). A group of VOCs triggered by herbivory 
is generally known as herbivore-induced plant volatiles (HIPVs). HIPVs can be, depending on 
type, released from herbivore-attacked plants either rapidly, through wounds (green leaf 
volatiles, GLVs) or gradually, by yet unknown mechanisms (terpenes, phenylpropanoids, and 
benzenoids) (Dicke et al., 2009; War et al., 2011). In addition, HIPVs can be produced and 
released systemically, i.e. in/from undamaged plant tissues (Pare and Tumlison, 1999). Volatile 
synthesis and release, similar to accumulation of direct defense metabolites, is primarily 
triggered by herbivore feeding, oviposition, or herbivore movement on the plant, and it is often 
amplified by chemical cues present in herbivore oral secretions, oviposition fluids, honeydew, 
and frass (Hilker and Meiners, 2010; Maffei et al., 2012). The essence of plant volatiles is further 
underlined by their roles in attraction of pollinators and frugivores (Rodriguez et al., 2013; 
Schiestl, 2015), function as antioxidants (Brilli et al., 2019), and antimicrobial agents (Junker 


















HIPV production is attributed to three main metabolic pathways, terpenoid, phenylpropanoid, 
and fatty acid metabolism (Pichersky and Gershenzon, 2002; Dudareva et al., 2006). More than 
2000 volatile compounds released in response to herbivory have been identified from 900 plant 
families (War et al., 2011). Reflecting the high natural diversity of VOCs, a blend of volatiles, 
rather than a single compound, is typically released from the plant in response to herbivore attack 
(Arimura et al., 2009). Discharging of some VOCs is tightly regulated and restricted to specific 
time of the day, showing a diurnal emission pattern (Christensen et al., 2013; Zeng et al., 2017). 
Volatile emissions from young and mature plants can also differ significantly, with the younger 
plants at vegetative stage releasing more volatiles compared to their older counterparts, which 
happens both constitutively and after elicitation by herbivory (Kollner et al., 2004; Shiojiri and 
Karban, 2006; Rostas and Eggert, 2008; Hare et al., 2010).  
Defense responses against herbivores, including VOCs, are orchestrated by a network of plant 
hormones (Verhage et al., 2010). Specifically, plant defenses against chewing herbivores and 
necrotrophic pathogens are controlled by jasmonic acid (JA), while piercing and sucking 
herbivores, and biotrophic pathogens are mainly controlled by salicylic acid (SA). Both signaling 
pathways are actively cross-linked with other hormones (van Loon et al., 2006; Verhage et al., 
2010). Different hormones can act individually, synergistically, or antagonistically, depending on 
the combination of environmental factors. JA and its biologically active form, jasmonoyl-L-
isoleucine (JA-Ile), derived through octadecanoid pathway, and subsequent activity of acyl acid 
amido synthase JAR1, accumulate within minutes after wounding and/or herbivory in plants 
(Koo and Howe, 2009). Perception of JA-Ile by COI1-JAZ co-receptor complex then activates 
transcription of defense genes (Wasternack and Hause, 2013), including those involved in VOC 
biosynthesis. Despite involvement of JA-Ile in control of VOCs, volatiles show complex patterns 
of emissions that presumes participation of other hormones in the regulatory circuits, such as 
ethylene (Voelckel et al., 2001; Huang et al., 2005; Mewis et al., 2005; Huffaker et al., 2013; 
Pierik et al., 2014; Rehrig et al., 2014; Broekgaarden et al., 2015; Paudel and Bede, 2015; 
Schuman et al., 2018). With regard to volatiles, ethylene is already well-known for its positive 
role in ripening and aroma control in climacteric fruits (Zhu et al., 2005; Schaffer et al., 2007; 


















Ethylene is produced from 1-aminocyclopropane-1-carboxylic acid (ACC), a product of ACC 
synthase (ACS), by another enzyme known as ACC oxidase (ACO) (Booker and DeLong, 2015; 
Larsen, 2015). Besides disease resistance, and modulation of plant defense responses against 
pathogens (van Loon et al., 2006; Broekgaarden et al., 2015; Helliwell et al., 2016; Kusajima et 
al., 2018), ethylene is also known to be involved in plant-insect interactions that includes 
emissions of volatiles from herbivore-attacked plants. For example, application of exogenous 
ethylene enhanced the lima bean (Horiuchi et al., 2001) and Medicago truncatula (Arimura et 
al., 2008) JA-mediated volatile production. In corn (Zea mays) seedlings, volatile emissions 
triggered by feeding of beet armyworm caterpillars were suppressed by pretreatment of plants 
with the inhibitor of ethylene perception, 1-methylcyclopropene (1-MCP; Schmelz et al., 2003). 
As determined by highly sensitive photo-acoustic spectrometer, rapid ethylene burst occurred in 
wild tobacco (Nicotiana attenuata) leaves treated with simulated herbivory (von Dahl et al., 
2007). A negative effect of ethylene on plant resistance has also been reported, such as the defect 
in ethylene signaling which increased resistance of Arabidopsis plants to generalist herbivore, 
Egyptian cotton worm (Spodoptera littoralis) (Stotz et al., 2000). Furthermore, ethylene 
perception was necessary for the interference with parasitoid attraction to Plutella xylostella 
infested Arabidopsis by simultaneous feeding of a phloem feeder, whitefly (Bemisia tabaci) and 
P. xylostella (Zhang et al., 2013). Thus, both positive and negative roles of ethylene should be 
considered when scrutinizing the mechanisms of volatile emissions in plant-insect interactions. 
Among land plants, rice (Oryza sativa), one of the most important food crops in Asia, shows a 
rapid elongation response during water submergence (flooding). As this stress response is well-
known to be regulated by ethylene (Iwamoto et al., 2010; Kuroha et al., 2018), we hypothesized 
that crosstalk of ethylene with other stress-related pathways might be specifically tailored in rice. 
In particular, the interactions of herbivory and flooding has not been examined in rice, although 
the overproduction of HIPVs could potentially cause damage to rice cells disabled in the release 
of volatiles to atmosphere. As flooding is more likely to occur in smaller (younger) plants, 
ontogeny-specific regulation of VOC production could be predicted in rice, as shown in other 
plants (Kollner et al., 2004; Shiojiri and Karban, 2006; Rostas and Eggert, 2008; Hare et al., 
2010). However, such mechanisms have never been examined in detail. In this study, we focused 
on crosstalk of ethylene with the ontogeny and jasmonate-controlled production of VOCs in rice, 


















leaves. By use of ethylene treated plants, and those impaired in ethylene perception by 1-MCP 
treatment, we showed that ethylene works as a multifunctional negative regulator of VOCs in 
rice plants. 
Materials and methods 
Plant growth conditions 
Japonica rice Oryza sativa L. cv. Nipponbare was used in all experiments. Seeds were placed in 
germination trays with nutrient-rich soil pellets, Kumiai Ube Baido No.2 (MC Ferticom, Tokyo, 
Japan), and two weeks later, seedlings were transferred into individual plastic pots (125 mL) 
with sterilized field soil mixed with nutrient-rich pellets at 4:1 (v/v) ratio. Plants were maintained 
in 53 cm (L) x 34 cm (W) x 6 cm (H) plastic trays filled with water in the cultivation room under 
controlled growth conditions (14 h photoperiod, temperature 28 ± 3°C). Germinations were 
repeated every week to generate series of plants at developmental age. In most experiments, 
youngest developed leaves of 6-10 week-old plants were used for treatments.  
Plant treatments 
Wounding and oral secretions (WOS). WOS (simulated herbivory) treatments were performed 
by making mechanical wounds, using a fabric pattern wheel, along both sides of the midvein of 
the youngest fully developed leaf on the plants, followed by application of 20 µL water-diluted 
3:1 (v/v) oral secretions (OS), evenly spread over the wounded leaf surface. OS were collected 
from Mythimna loreyi (MYL) (Lepidoptera: Noctuidae) as described in Shinya et al. (2016). 
Ethylene treatment. To elucidate the role of ethylene in VOC biosynthesis, plants at five 
different growth stages (6-10 week after sowing) were treated with WOS, and each plant was 
immediately covered with transparent acrylic cylinder (10 cm diameter, 60 cm height, volume = 
5 L). Cylinders with plants were placed in small trays and system was sealed with water at the 
base.  Ethylene standard gas (GL Sciences Inc., Japan) was injected into each cylinder to reach 1 
ppm concentration of ethylene. Cylinders without ethylene were used as controls. Four hours 
later, leaves for volatile measurements were cut, weighed and inserted into clean 16 cm glass 
tubes enclosed with lid. Samples for internal leaf volatile analyses were stored at -80 ºC. For 
hormone and gene expression, leaves were collected directly in 2 mL plastic screw-cup tubes 


















Ethylene treatment for elongation test. To determine the effect of ethylene on rice elongation, 
plants were individually covered with water-sealed acrylic cylinders as described above and 
fumigated with 1 ppm ethylene gas in air. Internode length in each position of rice stem was 
measured before, and 24 h after ethylene application.     
1-MCP treatment. A commercially available blocker of ethylene receptor, 1-
methylcyclopropene (1-MCP), was used to examine the effect of endogenous ethylene on VOCs 
in rice plants, as advised in Schaller and Binder (2017). The 9-10 week-old plants were 
pretreated for 24 h with a final concentration of 100 ppm 1-MCP in air, and then used for WOS 
and control treatments as before. Both 1-MCP and control plants (n = 6-8) (without 1-MCP) 
were kept inside the air tight acrylic glass cylinders (20 cm diameter, 85 cm height) during 
treatments, and both sets were maintained under laboratory conditions.     
Flooding treatment. To elucidate the VOC responses in flooded rice simultaneously challenged 
with WOS, 7 week-old plants were 90% flooded in water for 24 h using acrylic glass cylinder 
(20 cm diameter, 85 cm height) with open top. Plants were briefly removed from water, 
subjected to WOS treatment as described above, and returned in water for continued flooding 
stress. Exactly 4 h later, plants were removed from water and treated leaves were harvested for 
further analyses (VOC analysis and genes expression). As control, non-flooded control plants 
and those treated with WOS were maintained in a separate cultivation room with similar 
conditions to avoid cross-exposure to flood-released ethylene. Internode length was measured 
before, and 24 h after initiation of flooding stress.  
Volatile extractions and analysis. Custom solid phase micro-extraction (SPME) method was 
used to collect broad range of volatiles from rice leaf tissues. Briefly, frozen leaves in 16 mL 
glass tubes were removed from -80 ºC deep freezer, defrosted on ice, and then one MonoTrap 
(monolithic silica adsorbents; GL Sciences Inc., Japan) was suspended on a stainless steel pin 
inside of the PTFE (Polytetrafluoroethylene) lid, fitted with a nitrile rubber packing. Each 
sample was spiked with 400 ng tetralin (1,2,3,4-tetrahydronaphthalene; FUJIFILM Wako Pure 
Chemical Corporation) internal standard in dichloromethane (DCM; FUJIFILM Wako Pure 
Chemical Corporation) to the bottom of each tube containing plant tissue. After tightly closing, 
each tube with sample was inserted into a programmable heat block held at room temperature 


















heat block to 150 ºC, where temperature was held for 30 min before naturally cooling down to 
next preset temperature at 60 ºC, and incubated for additional 30 min at 60 ºC. Each MonoTrap 
was detached from its lid, dried with gentle stream of nitrogen gas, and eluted with 200 μL DCM 
into 1.5 mL GC vials supplied with 375 µL glass inserts (Tomsic Ltd., Japan). The whole 
assembly was sonicated in water bath sonicator for 5 min, three times, with 2 min pause used 
between each round of sonication to allow sample cooling. Pins were carefully removed from 
each vial, together with the MonoTrap, before tightly closing vials with lids, and analyzing 
samples on automated GC-MS instrument. 
Volatile compounds in DCM-eluted samples (1 μL) were measured by GC-MS as described in 
Sobhy et al. (2017). Quantities of each reported volatile compound were calculated by 
comparison with the peak areas of a separately run authentic standards at concentration range 
0.1-5 ng/µL, using a split injection ratio used for sample analysis (linalool, limonene, 
caryophyllene, (E)-β-farnesene, methyl salicylate, (Z)-3-hexen-1-ol; FUJIFILM Wako Pure 
Chemical Corporation). 
Phytohormone measurements.  Phytohormone contents in collected leaf samples from WOS 
treatment and control at five plant developmental stages (6-10 weeks) were measured as 
described in Fukumoto et al. (2013). 
Ethylene determination. Ethylene released from leaves of five plant developmental stages (6-10 
weeks), or leaves from 7 week-old rice after flooding for 24 h (vs. air control), treated or 
untreated with WOS, was measured by a method adopted and modified from Helliwell et al. 
(2016), that is by incubating cut (i.e., wounded; W) leaf in a closed glass container for 24 h. The 
youngest fully developed leaf from each stage was cut, quickly measured for fresh weight, 
inserted into glass tube (12 cm height, 2 cm diameter, 50 mL volume), and then tightly sealed 
with silicone plug. Leaves were incubated at normal light and temperature regime for 24 h, and 1 
mL of inside gas sample was removed from each tube with 1 mL syringe after inserting sharp 
needle with side hole through a soft silicon plug. Ethylene content was determined by gas 
chromatograph (GC-2014, Shimadzu, Japan) fitted with packed column ShinCarbon ST 50/80 
(2.0 m length, 3 mm i.d., Shimadzu), using a standard flame ionization detector (FID). Helium 
gas carrier was used at 25 mL/min, injection port was held at 200 ºC, and oven temperature was 


















Gene expression, quantitative RT-PCR.  Transcript levels were quantified with qRT-PCR, 
essentially as described in Fukumoto et al. (2013). Gene-specific primer sequences 
forward/reverse (5’ → 3’) used for qRT-PCR are described in Supplementary Table 1. 
Statistical analyses. Statistical differences as indicated in legends were conducted with one-way 
analysis of variance (ANOVA) followed by Fisher’s LSD test (P<0.05), performed with an open 
source software OpenStat (http://statpages.info/miller/OpenStatMain.htm), or Student’s t-test 
incorporated within the commercial version of Microsoft Excel (Microsoft Corporation, USA).  
Results 
Developmental regulation of VOCs in rice 
We hypothesized that VOC production might be developmentally controlled in rice and checked 
the VOC contents in the leaves of synchronized six to ten week-old rice plants in the laboratory. 
To asses multiple VOCs, the youngest fully developed leaf was first wounded with a fabric 
pattern wheel, and then wounds treated with 20 µL of diluted oral secretions (OS) from larvae of 
Mythimna loreyi (referred afterwards as simulated herbivory; or abbreviated as WOS in text and 
figures). Monoterpene linalool, measured 4 h after treatment, was strongly stimulated in the 
leaves at all growth stages, compared to control leaves without treatment, but induced linalool 
levels showed a peak accumulation in 8 week-old plants. Another monoterpene, limonene, 
accumulated constitutively in the leaves, and it only significantly increased by simulated 
herbivory in 8 week-old plants (Fig. 1A). Among sesquiterpenes, caryophyllene accumulated at 
all stages without substantial response to simulated herbivory, while (E)-β-farnesene showed an 
induction profile similar to linalool (Fig. 1B). Although methyl salicylate (MeSA) was promoted 
by simulated herbivory at 6-8 weeks, older plants accumulated higher levels of MeSA, even 
without WOS treatment (Fig. 1C). (Z)-3-hexen-1-ol, a representative of green leaf volatiles 
(GLVs), accumulated more in the young leaves and declined in older plants. This compound was 
usually depleted by simulated herbivory (Fig. 1C), which is consistent with the expected escape 
of GLV from the open wound. Overall, multiple accumulation patterns among rice VOCs were 
observed, particularly revealing a transitional change in rice that occurs eight weeks after 
germination. We assumed that this change could be due to a differential ability of plants to 


















Hormonal responses in young rice development 
To address this possibility, phytohormone levels were determined in rice plants (6-10 weeks) 
before and after exposure to simulated herbivory. Leaves in the similar position as those used for 
VOC measurements were treated with WOS, and samples were collected 1 h later, to precede 
volatile biosynthesis determined 4 h post elicitation (Fig. 1). Compared to control leaves, JA 
strongly accumulated in WOS-treated leaves but these levels were not particularly different 
among developmental stages (Fig. 2A). In contrast, the highest level of JA-Ile occurred in the 
leaves of 8 week-old plants (Fig. 2A), showing an accumulation profile similar to linalool and 
(E)-β-farnesene (Fig. 1A, B). The abscisic acid (ABA) levels were not induced by simulated 
herbivory after 1 h, showing slightly higher contents in 7 and 8 week-old plants (Fig. 2A). 
Interestingly, SA increased gradually in development, reaching the highest levels in the 9-10 
week-old plants (Fig. 2A), providing a potential hormone pool for the high levels of MeSA 
found in older plants (Fig. 1). Finally, headspace levels of ethylene gas were measured after 24 h 
incubation of the cut leaves (wounded; W), and the leaves treated with simulated herbivory 
conducted briefly before cutting (WOS). Interestingly, the WOS-induced ethylene ontogenetic 
profile was negatively correlated (Pearson correlation R=-0.89; P=0.042; n=5) to that of JA-Ile in 
WOS-treated leaves (Fig. 2A, B). However, JA-Ile was not significantly correlated with the 
ethylene released from the cut only leaves (W) (Pearson correlation R=-0.86; P=0.061; n=5). As 
hormone profiles suggested (1) a positive role of JA-Ile, and (2) a negative role of ethylene in the 
developmentally-regulated production of inducible VOCs in rice, JA and ethylene signaling, as 
well as transcript levels of available VOC biosynthesis-related genes were investigated in detail. 
Transcriptional regulation of VOC production in rice leaves 
Defense responses in plants depend on the rapid, hormone-mediated transcriptional 
reprograming of stress-exposed plants, including genes involved in jasmonate/ethylene signaling, 
and those in VOC production. In 6-10 week-old plants, the transcripts of ALLENE OXIDE 
CYCLASE (OsAOC), a single copy gene in JA biosynthesis (Riemann et al., 2013), were already 
abundant in the untreated plants, and the levels further increased after simulated herbivory (Fig. 
3A), showing a profile similar to induced JA levels (Fig. 2A). Similar transcriptional profiles 
were also found in other JA pathway-committed genes, LIPOXYGENASE 1 (OsLOX1), ALLENE 


















OsCYP94C2b (for hydroxylation of JA-Ile) (Fig. 3A). The OsLOX9 and OsAOS2 transcripts 
showed a distinct regulation pattern, low in the younger plants but gradually increased in 
development (Fig. 3A). The chloroplast-localized PHOSPHOLIPASE Dα4 (OsPLDα4), 
herbivory- and wound-induced gene implicated in release of linolenic acid from cell membranes 
(Qi et al., 2011), was highly upregulated by WOS, and it was similar to induced JA-Ile levels 
(Fig. 3A). Although we expected the JASMONATE RESISTANT 1 (OsJAR1) profile to basically 
follow the induced JA-Ile levels (Fig. 2A), as this Gretchen Hagen 3.5 (GH3.5) gene family 
protein is responsible for JA-Ile biosynthesis (Fukumoto et al., 2013), induced OsJAR1 
transcripts were highest in the leaves of 6 week-old rice, and gradually declined in development 
(Fig. 3A). The central regulator of jasmonate pathway, MYELOCYTOMATOSIS ONCOGENE 
TRANSCRIPTION FACTOR 2 (OsMYC2) transcripts were upregulated by WOS in a way similar 
to OsJAR1 (Fig. 3B), but induced profiles of two other jasmonate-responsive genes encoding for 
JAZ repressors, the JASMONATE ZIM-DOMAIN 9 (OsJAZ9) and OsJAZ11 (Ye et al., 2009), 
resembled to those of WOS-promoted JA-Ile accumulation (Fig. 3B). Among two SA- and JA-
induced defense regulators in rice, OsWRKY45 (Shimono et al., 2007; 2012) and JA-
REGULATED MYB TRANSCRIPTION FACTOR (OsJAMYB) (Lee et al., 2001), respectively, 
only the second gene was significantly induced by simulated herbivory (Supplementary Fig. S1). 
Transcript levels of the ethylene-responsive EIN3-BINDING F-BOX PROTEIN 1 gene (OsEBF1) 
(Ma et al., 2020) were examined along with JA markers (Fig. 4). As expected from ethylene data 
shown in Fig. 2B, lowest WOS-elicited levels of OsEBF1 transcripts were detected in 8 week-
old plants (Fig. 4B), further purporting the possibility of ethylene involvement in differential 
ontogenetic responses in rice. The ETHYLENE RESPONSE 2 (OsETR2), a receptor for ethylene 
(Watanabe et al., 2004), and four other genes putatively involved in ethylene biosynthesis, were 
investigated. The highest OsETR2 transcript levels in untreated plants occurred in 6-7 week-old 
rice, declined at 8-9 weeks, and then slightly increased again at 10 weeks (Fig. 4B). However, in 
contrast to the OsEBF1 induction (Fig. 4B), simulated herbivory downregulated the OsETR2 
transcripts, suggesting a negative feedback regulation in the ethylene receptor’s function. The 
ethylene biosynthesis genes, 1-AMINOCYCLOPROPANE-1-CARBOXYLATE SYNTHASE 1 
(OsACS1), OsACS3, 1-AMINOCYCLOPROPANE-1-CARBOXYLIC ACID OXIDASE 1 
(OsACO1), and OsACO2 were generally higher, or more responsive to WOS in young plants 


















LIKE1 (OsEIL1) (Mao et al., 2006) was moderately induced by simulated herbivory, showing 
somewhat lower levels of expression in 8-9 week-old rice (Fig. 4B). 
In VOC biosynthesis, transcripts of 1-DEOXY-D-XYLULOSE 5-PHOSPHATE SYNTHASE 3 
(OsDXS3) and LINALOOL SYNTHASE (OsLIS) were similar to linalool accumulation (Fig. 5), 
suggesting that linalool production is transcriptionally controlled at both, the input core 
methylerythritol 4-phosphate (MEP) pathway represented by OsDXS3, and the terminal terpene 
synthase, OsLIS. Similar regulation was found in the case of PHENYLALANINE AMMONIA-
LYASE (OsPAL) and S-ADENOSYL-L-METHIONINE:SALICYLIC ACID CARBOXYL 
METHYLTRANSFERASE (OsSAMT), putatively involved in MeSA production in rice (Koo et 
al., 2007). This was somewhat consistent with induced MeSA in young plants (6-8 weeks) but 
discrepant with the 8-10 week stages of development (Fig. 5, Fig. 1C). It suggests that in the 
older plants, another late development-associated methyltransferase and/or PAL could be 
additionally involved in MeSA production. The CARYOPHYLLENE SYNTHASE (OsCAS) 
transcripts were more constitutive across developmental stages, and suppressed by simulated 
herbivory, at least 1 h after the WOS treatment (Fig. 5). Finally, HYDOPEROXIDE LYASE 3 
(OsHPL3) gene closely followed (Z)-3-hexen-1-ol (GLV) in the leaves, and showed partial 
suppression by simulated herbivory at some time points (Fig 5). In summary, overall transcript 
levels of VOC biosynthesis genes in rice were similar to those of VOC levels in the leaves, 
suggesting that gene expression is indicative of tissue capacity to produce volatiles.  
Ethylene treatment transcriptionally inhibits volatile production in rice 
Ethylene (1 ppm) exposure clearly inhibited accumulation of linalool, especially in the younger 
plants (Fig. 6A). The (E)-β-farnesene levels were also suppressed in young stages but 
accumulation of other volatiles was only slightly, or not affected by 4h of ethylene application 
(Fig. 6A-C). As before, MeSA levels were constitutively higher in the older plants, and although 
MeSA was suppressed at some stages by ethylene, the resulting differences were not statistically 
significant (or only marginally significant at 9 weeks; t-test P = 0.052). In general, the rice VOCs 
that relied on the inducible transcripts were strongly affected by ethylene, suggesting that 
ethylene can specifically interfere with gene activation, with effective concentrations being equal 
to (or less than) 0.1 ppm (Fig. 6D, Supplementary Fig. S2). A time course experiment was 


















1, and 4 h after WOS treatment in the presence or absence of exogenous ethylene (Figs. 7, 8, 9). 
Consistent with the previously reported dose-dependent response of the OsEBF1 gene to 
ethylene (Ma et al., 2020), transcript levels of this marker gene were elevated by ethylene (Fig. 
7). Ethylene receptor OsETR2 and signal transduction gene OsEIL1 were also transcriptionally 
stimulated by ethylene while ethylene biosynthesis genes were not affected (Fig 7).  
When we determined the JA and JA-Ile levels in the ethylene-treated leaves, JA was partially 
reduced but ethylene did not affect the early accumulation of JA-Ile (Fig 8A). A single copy 
OsAOC gene transcripts were only partially suppressed by ethylene at 1 h, at which similar trend 
was also found in OsJAR1 (Fig. 8B). The OsMYC2 transcript levels were induced early, showing 
slight but significant reduction by ethylene at 1 and 4 h post treatment (Fig. 5B), same as 
OsJAZ11 (Fig 5C). Interestingly, the OsJAZ9 transcripts that peaked slightly later, showed a 
much larger suppression by ethylene (Fig. 5C), suggesting that ethylene mainly affects the genes 
with late(r) response (≥1 h) but largely avoids the early (≤1 h) response genes, such as OsJAZ11 
and OsMYC2. Among the other JA-related genes, OsPLDα4, OsAOS1 and OsOPR7 were all 
downregulated by ethylene in at least single time point but OsLOX9 (Fig 8B) and OsJAMYB 
(Supplementary Fig. S3) showed an induced expression pattern.  
Finally, WOS-inducible OsDXS3, OsLIS, OsPAL, and OsSAMT were all significantly suppressed 
by ethylene (Fig. 9). Surprisingly, the OsCAS and OsHPL3 transcripts were also suppressed by 
ethylene, becoming significantly low after 4 h ethylene exposure (Fig. 9). It shows that while 
transcriptional repression of ethylene immediately affects the major herbivory-inducible VOCs, 
like linalool, it may also shut down the other volatiles later, including caryophyllene, and GLVs. 
However, persistent transcript levels and/or proteins seem to delay the visible impacts of 
ethylene, and sustain constant VOC levels in the leaves for at least 4 h, as shown in Fig. 6B, C. 
The complete loss of OsCAS and OsHPL3 transcripts in 4 h-ethylene-treated 6-10 week-old rice 
leaves and regulation of several other genes have been verified in an independent experiment 
conducted across five developmental stages of rice (Supplementary Figs. S4, S5). Here, the 
upregulation of ethylene marker gene OsEBF1 across every developmental stage (Supplementary 
Fig. S5) was also confirmed. 


















One of the best studied functions of ethylene in rice is flood-induced internode elongation. When 
7 week-old rice plants were submerged in water, the last developed internode rapidly elongated 
within 24 h but only in submerged plants (Fig. 10A). As expected, ethylene that accumulated 
over 3 and 6 h time periods in the headspace of cut leaves was significantly higher in case of 
leaves previously exposed to flooding (24 h), relative to control rice maintained under ambient 
laboratory conditions (Fig 10C; Student’s t-test, P<0.01). Interestingly, the flood-induced 
ethylene levels were further promoted by WOS treatment when it was applied along with the 
flooding stress (Fig. 10C). Exogenous ethylene (1 ppm) caused a faster elongation of rice but 
only at younger stages, which was particularly significant in 6 week-old rice (Fig. 10B). We 
hypothesize that such trends may naturally reflect the urgency of smaller plants to escape from 
the submergence and/or anoxia stress.  
As high intracellular VOCs can potentially damage the plants, we hypothesized that submerged 
rice may stop producing VOCs, possibly by means of ethylene (Fig. 10C). The basal levels of 
linalool, (Z)-3-hexen-1-ol, and MeSA were not affected by flooding stress (Fig. 10D), showing 
that linalool and MeSA cannot be elicited by anoxia, and GLV pools remain stable despite 
constitutive OsHLP3 transcript repression (Fig. 11A). In contrast, levels of linalool, (Z)-3-hexen-
1-ol, and MeSA in WOS-treated leaves were significantly suppressed by flooding stress (Fig. 
10D). The OsSAMT and OsHPL3 transcripts were significantly reduced by flooding in simulated 
herbivory-treated leaves (Fig. 11A), thus corroborating the lower levels of MeSA and (Z)-3-
hexen-1-ol in submerged leaves treated with WOS (Fig. 10D). Notably, while the levels of 
OsSAMT were effectively suppressed by submergence of plants, associated OsPAL transcription 
was much less affected (Fig. 11A), suggesting that PAL may be an exempt from the ethylene 
control, possibly due to involvement in other functions, such as stem elongation under water.  
Consistent with the reduced levels of linalool in submerged leaves, OsDXS3 gene and several 
downstream genes in the core MEP pathway were suppressed by flooding (Fig. 12). However, 
submerged rice leaves treated with WOS showed an unexpectedly high levels of OsLIS 
transcripts, even higher than those found in the WOS-treated leaves under aerated conditions 
(Fig. 11A). It should be noted that the high transcript levels of OsLIS did not complement 
linalool production (Fig. 10D), most likely due to repression of multiple genes in the core MEP 


















and OsEBF1 (Fig. 11) showed expression patterns consistent with the exogenous ethylene 
treatments (Fig. 8, 9), further supporting the presence and function of endogenous ethylene in the 
flooded leaves. 
As VOC levels substantially declined in 9-10 week-old plants, we speculated that ethylene (Fig. 
2B), could be involved in this phenotype. To test this possibility, a half of 9 week-old plants 
were pretreated for 24 h with ethylene perception inhibitor, 1-methylcyclopropene (1-MCP), 
while the second half remained untreated. Then leaves from both control and 1-MCP exposed 
plants were subjected to simulated herbivory, or left untreated, and samples collected 4 h after 
the last treatment. As predicted, even untreated plants exposed to 1-MCP for 24 h could produce 
higher levels of mono- (linalool, limonene) and sesquiterpenes ((E)-β-farnesene and 
caryophyllene), and these levels could be further enhanced by simulated herbivory (Fig. 13A, B). 
The transcripts of OsLIS were only partially induced by 1-MCP but upstream OsDXS3 was 
highly upregulated (Fig. 14), supporting the observed increase in monoterpene levels (Fig 13A). 
The OsCAS transcription was significantly promoted by 1-MCP (Fig. 14), consistent with the 
increased carryophyllene levels (Fig. 13B). Consistent with the previous data, MeSA 
accumulation was not promoted by 1-MCP in mature plants (Fig. 13C), suggesting an 
involvement of yet another biosynthetic pathway for this compound at maturity. Alternatively, 
the lack of OsPAL induction by 1-MCP could explain the lack of MeSA promotion by 1-MCP, 
despite increase in OsSAMT transcript levels (Fig 14). Finally, the accumulation of (Z)-3-hexen-
1-ol was promoted by 1-MCP (Fig. 13C), suggesting that a natural decline in GLV content, 
particularly found at later developmental stages (Fig. 1C), could be due to increased 
level/sensitivity of/to ethylene in the older plants. The transcript levels of OsHPL3 and their 
upregulation by 1-MCP support this notion (Fig 14).  
Although there are many other functions controlled by ethylene in rice, we provide first evidence 
that ethylene acts, among others, as an effective transcriptional repressor of VOC production in 
rice, possibly contributing to observed diversification of VOC blends in rice produced during 



















Plants evolved multiple stress response pathways to cope with variable environmental conditions 
in their lifetime. Typically, stress exposure causes rapid accumulation of secondary messengers, 
reactive oxygen species (ROS) and phytohormones that triggers stress-specific transcriptional 
reprograming, enabling increased resistance and/or tolerance of plants. Although regulatory 
mechanisms in plants responding to single stress, such as pathogens, herbivores, salinity, or 
drought are well studied, much less is known about the coordination of plant responses to 
simultaneously occurring stress conditions that presume active crosstalk among individual 
regulatory pathways. Here we address the role of ethylene and show that it serves as a context-
dependent modulator of essential stress- and ontogeny-related VOCs in rice plants. 
Volatile production in rice is developmentally regulated 
Volatile emissions from both control and wounded rice leaves in the field greatly varied 
depending on developmental stages (Andama et al., 2020). When similar experiment was 
conducted under controlled laboratory conditions, rice leaves produced maximal amount of 
induced VOCs around eight weeks of age, confirming that rice VOC production is linked to 
ontogeny. Similarly, HIPV production in Datura wrightii was constrained by plant ontogeny to 
vegetative stages of growth, which could be partially restored by rejuvenation (Hare et al., 2010). 
In sagebrush, young plants have been more effective emitters of volatiles, as well as in 
perceiving volatile cues (Shiojiri and Karban, 2006). Vegetative stage soybean plants emitted 10-
fold more volatiles per biomass than reproductive plants, and young leaves emitted about three 
times more volatiles than older counterparts (Rostas and Eggert, 2008). Similarly, volatile 
production in maize not only dramatically declined in maturity but older plants produced a 
different blend of volatiles (Kollner et al., 2004). Production of extra floral nectar (EFN) for 
attraction of natural enemies of herbivores was also developmentally regulated in some plants 
(reviewed in Quintero et al., 2013). It has been proposed that such ontogenetic shifts are related 
to internal conditions of the plants, such as allocation costs, anatomical constraints, and external 
factors, for example seasonal variance in occurrence of herbivores and their natural enemies 
(Quintero et al., 2013). From virtual overlap of VOCs in Fig. 1, volatile blends in rice may 
greatly differ between young (6-week) and older (10-week) plants, with high and low proportion 
of GLVs, respectively, further differentiated by variable levels of MeSA. Natural enemies could 


















induced volatile blend (Fig. 1). This might be of a great ecological significance, as larvae of 
parasitoid wasps develop together with their host animal, and the remaining physiological time 
of the host plant can point out herbivores with sufficient life potential to support the entire 
natural enemy’s larval cycle.  
JA–ethylene crosstalk in rice 
The VOCs, and especially HIPVs, are predominantly controlled by jasmonate signaling (Dicke 
and Baldwin, 2010; Joo et al., 2019). In order to understand the differential accumulation of 
VOCs in rice ontogeny (Fig. 1), we first examined phytohormone responses in young developed 
leaves. The maximal JA-Ile levels accumulated in 8 week-old rice (Fig. 2). In N. attenuata 
plants, herbivory-induced ethylene levels (and jasmonates) were significantly suppressed after 
flowering (Diezel et al., 2011). In rice, however, ethylene and expression of several ethylene 
response and biosynthetic genes attained minimal levels in 8-week stage, suggesting that JA-Ile 
and ethylene may work in opposite ways, as positive and negative regulators of VOCs, 
respectively. This was confirmed by exogenous application of ethylene, which triggered rapid 
transcriptional repression of VOC genes in rice. Interestingly, primary response genes in JA 
pathway, i.e., those induced by simulated herbivory within 30 min, such as OsMYC2, were not 
substantially affected by the co-application of ethylene. However, other genes that peaked later 
(1 h) were significantly down-regulated by ethylene, which included the major herbivory-
inducible VOC genes. Interestingly, even genes for constitutive VOCs, which primarily did not 
increase in response to WOS, such as OsCAS and OsHPL3 (Fig. 5), were eventually suppressed 
by ethylene at 4 h post treatment (Fig. 9, Supplementary Fig. S4). It suggests that even such 
volatile products may depend on jasmonate/ethylene crosstalk to keep their transcription, and 
volatile levels. In circadian genes, like OsCAS (Cheng et al., 2007), ethylene may also contribute 
to diurnal oscillations, together with the rhythmicity of jasmonates shown in Arabidopsis plants 
(Goodspeed et al., 2012).  
A peculiar transcriptional pattern of OsLIS was found in the flooding experiments. While other 
ethylene-sensitive genes, including OsDXS3, OsCAS, OsSAMT, and OsHPL3 were all suppressed 
by submergence (Fig. 11A), OsLIS transcript levels were highly upregulated by WOS that was 
combined with flooding stress (Fig. 11A). This result purports an existence of some additional 


















posttranscriptional modifications. Alternatively, we cannot exclude a direct regulatory 
involvement of linalool (or its metabolite) in control of OsLIS. Previously, several monoterpenes 
were implicated as competitive inhibitors of ethylene perception (Grichko et al., 2003), 
suggesting that linalool (or other monoterpenes) could be directly interfering with ethylene 
signaling in the submerged plant tissues. Interestingly, this does not seem to happen when plants 
received ethylene under well aerated conditions (Fig. 9). 
Furthermore, two JAZ repressors examined in our study, showed a differential transcriptional 
response to ethylene. While induced expression of OsJAZ11 basically followed the primary 
response regulator OsMYC2, elicited OsJAZ9 transcripts peaked about 30 min later, and they 
were substantially suppressed by ethylene (Fig. 8). Differential regulation of JAZ repressors 
provides yet another example of specialized JAZ function, first demonstrated in wild tobacco N. 
attenuata plants (Oh et al., 2012; Li et al., 2017). It also shows that while ethylene may regulate 
volatile branch of JA-Ile-mediated responses in rice, other JA defense signaling branches may be 
independent of ethylene. It will be important to systemically examine the response of other JAZ 
genes, and signaling components, to reveal the extent of ethylene control over canonical 
jasmonate pathway in rice, and vice versa. 
Ethylene in rice defense against herbivores  
Initially, it has been reported that ethylene positively contributes to VOC emissions in rice brown 
planthopper (BPH) (Nilaparvata lugens) infested rice (Lu et al., 2006). However, ethylene 
signaling was later shown to have contrasting effects on rice defense against chewing and 
piercing-sucking insects, striped stem borer (SSB) (Chilo supresalis), and BPH. While silencing 
of ethylene biosynthetic gene OsACS2 reduced resistance of rice to SSB, and suppressed SSB-
induced volatiles, reduced ethylene levels in as-acs lines promoted plant resistance to BPH, and 
increased VOC emissions from the OsACS2-silenced rice (Lu et al., 2014). Such BPH-specific 
responses could be mediated by BPH-inducible F-box protein OsEBF1 that targets OsEIL1 
regulator in ethylene signaling for proteasome degradation (Ma et al., 2020). In a functional test, 
overexpression of OsEBF1 and OsEIL1 suppressed and enhanced BPH performance in 
transgenic rice, respectively. As OsEIL1 acts on defense via promotion of OsLOX9 (also known 
as OsHI-LOX) transcripts, ethylene and JA synergistically and negatively regulate BPH 


















independent study using the OsHI-LOX-silenced rice plants with reduced JA levels (Zhou et al., 
2009).  
However, our data suggest that OsLOX9 transcription may not be directly linked to JA/JA-Ile 
accumulation in WOS treatment simulating chewing herbivore attack (Fig. 3A), although its 
WOS-induced expression was promoted by ethylene (Fig. 8B), and thus consistent with the 
proposed role of OsEIL1 and ethylene as positive regulators of OsLOX9 (Ma et al., 2020). 
Overall, it seems that ethylene can regulate VOC production, both positively and negatively, 
depending on the feeding guild of attacking herbivore (Lu et al., 2014). Our study also reveals 
that experimental conditions, and especially plant age should be considered when studying JA-
ethylene crosstalk in rice (Fig. 2). Furthermore, rice plants contain multiple ACS (5) and ACO 
(6) isoforms (Vu et al., 2012), and two differentially localized/expressed ethylene receptors, 
OsERF2 and OsERS1 (Iwai et al., 2006; Yu et al., 2017). Therefore, response to chewing and 
sucking insects could additionally involve spatiotemporal activation of multiple enzymes in 
ethylene pathway, resulting in complex patterns, and stress-adjustable plant responses. We 
recently found that rice plants react defensively to bacterial symbionts in BPH honeydew 
deposited on the rice leaves during feeding (Wari et al., 2019). Thus, BPH feeding may also 
trigger pathogen-related genes in ethylene biosynthesis (Yang et al., 2017), such as pathogen-
inducible OsACS1 and OsACO1 (Iwai et al., 2006), and specifically modulate SA/JA signaling in 
rice via ethylene during BPH attack.  
Ethylene functions as context-dependent regulator of VOCs in rice  
We also focused on basal rice physiology to further emphasize the importance of ethylene. 
Previously, a mutation in the volatile-specific ABC transporter, PhABCG1, caused over-
accumulation of VOCs and internal cell damage in petunia flowers (Adebesin et al., 2017). 
Similar scenario could occur in the submerged rice leaves that, presumably, cannot release 
hydrophobic hydrocarbons (e.g., terpenes) to external environment. Additionally, VOCs as 
attractants of natural enemies, and natural enemies themselves, cannot function in submerged 
rice, thus making the production and release of VOCs undesirable/irrelevant. Along with this 
hypothesis, we show that the production of induced rice VOCs is blocked under flooding stress, 
presumably as a result of flood-accumulated ethylene in the plant (Kende et al., 1998; Kuroha et 


















caused elevation of SA biosynthesis in maize seedlings that increased the production of anti-
insect C-glycosyl flavones (maysins) and herbivore-induced volatiles, benzyl acetate and 
phenethyl acetate, under combined flooding and herbivory stress (Block et al., 2020). In our 
experiments, ethylene was able to shut down the production of VOCs in rice older than 8 weeks. 
From our experience, leaves of mature rice are rarely attacked by chewing herbivores in the 
field, which is, at least in part, due to the silicon-impregnated non-glandular trichomes occurring 
on the surface of rice leaves (Andama et al., 2020). Therefore, rice plants at mature stage can 
fend-off most of their chewing enemies by mechanical barriers, and therefore, conserve available 
resources for reproduction and seed development, on account of defensive VOCs, which are 
repressed by ethylene.  
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All data supporting the findings of this study are available within the paper and within its 
supplementary materials published online. 
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Figure legends 
Fig. 1. Ontogeny- and WOS-regulated accumulation of VOCs in rice leaves. Volatile 
compounds were determined by GC-MS in rice leaves of 6-10 week-old plants before, and 4 h 
after WOS elicitation. (A) Monoterpenes (linalool, limonene), (B) sesquiterpenes ((E)-β-
farnesene, caryophyllene), (C) methyl salicylate, and GLV ((Z)-3-hexen-1-ol). Cont, control; 
WOS, wounding followed by application of 20 µL diluted M. loreyi oral secretions. Statistical 
differences between pairs of control (Cont) and WOS-treated plants at each age were analyzed 
by Student’s t-test (*P<0.05; ** P<0.01; ns, not significant). Different letters (a-c, or A-D) 
indicate significant differences (P<0.05) between different plant age determined separately for 
each group (Cont or WOS) by one-way ANOVA followed by Fisher’s LSD test. W, weeks-old; 
FW, fresh weight; n=5; error bars=SE. 
Fig. 2. Ontogeny- and WOS-regulated accumulation of phytohormones in rice leaves. (A) 
Jasmonic acid (JA), jasmonoyl-L-isoleucine (JA-Ile), abscisic acid (ABA), and salicylic acid 
(SA) levels were determined by LC-MS/MS in rice leaves of 6-10 week-old rice before, and 1 h 


















M. loreyi oral secretions. (B) Ethylene produced by cut rice leaves of 6-10 week-old plants 
determined by GC-FID after 24 h accumulation period. Statistical differences between pairs of 
respective controls (Cont or Cut) and treatments (WOS or Cut+WOS) at each developmental 
stage were analyzed by Student’s t-test (*P<0.05; **P<0.01; ns, not significant). Different letters 
(a, b or A, B) indicate significant differences (P<0.05) between different plant stages determined 
separately for each group (Cont, WOS, Cut, and Cut+WOS) by one-way ANOVA followed by 
Fisher’s LSD test. W, weeks-old; FW, fresh weight; n=4-5; error bars=SE. 
Fig. 3. Relative transcript levels of jasmonate-related genes in rice plants at different 
developmental stages.  Gene expression was determined by qRT-PCR in rice leaves of 6-10 
week-old plants before, and 1 h after WOS elicitation. (A) Transcript levels of JA biosynthesis 
genes OsPLDα4, OsLOX1, OsLOX9, OsAOS1, OsAOS2, OsAOC, OsOPR7, OsJAR1and 
OsCYP94C2b. (B) Transcript levels of JA signaling–related genes OsMYC2, OsJAZ9 and 
OsJAZ11. Cont, control; WOS, wounding followed by application of 20 µL diluted M. loreyi 
oral secretions. Statistical differences between pairs of control (Cont) and WOS-treated plants at 
each stage were analyzed by Student’s t-test (*P<0.05; **P<0.01; ns, not significant). Different 
letters (a-c, or A-D) indicate significant differences (p ≤ 0.05) between different plant age 
determined separately for each group (Cont or WOS) by one-way ANOVA followed by Fisher’s 
LSD test. W, weeks-old; n=5; error bars=SE. 
Fig. 4. Relative transcript levels of ethylene-related genes in rice plants at different 
developmental stages.  Gene expression was determined by qRT-PCR in rice leaves of 6-10 
week-old plants before, and 1 h after WOS elicitation. (A) Transcript levels of ethylene 
biosynthesis genes OsACS1, OsACS3, OsACO1 and OsACO2. (B) Transcript levels of ethylene 
signaling–related genes OsETR2, OsEBF1 and OsEIL1. Cont, control; WOS, wounding followed 
by application of 20 µL diluted M. loreyi oral secretions. Statistical differences between pairs of 
control (Cont) and WOS-treated plants at each age were analyzed by Student’s t-test (*P<0.05; 
**P<0.01; ns, not significant). Different letters (a-c, or A-C) indicate significant differences (p ≤ 
0.05) between different plant age determined separately for each group (Cont or WOS) by one-
way ANOVA followed by Fisher’s LSD test. W, weeks-old; n=5; error bars=SE. 
Fig. 5. Relative transcript levels of VOC-related genes in rice plants at different 


















week-old plants before, and 1 h after WOS elicitation and transcript levels of VOC biosynthesis 
related genes for terpenoids (OsDXS3, OsLIS, OsCAS), methyl salicylate (OsPAL, OsSAMT), and 
GLVs (OsHPL3). Cont, control; WOS, wounding followed by application of 20 µL diluted M. 
loreyi oral secretions. Statistical differences between pairs of control (Cont) and WOS-treated 
plants at each age were analyzed by Student’s t-test (*P<0.05; **P<0.01; ns, not significant). 
Different letters (a-c, or A-D) indicate significant differences (P≤0.05) between different plant 
age determined separately for each group (Cont or WOS) by one-way ANOVA followed by 
Fisher’s LSD test. W, weeks-old; n=5; error bars=SE. 
Fig. 6. Effect of ethylene on ontogeny-dependent VOC accumulation in rice leaves. VOC 
levels were determined in leaves of 6-10 week-old plants treated with WOS, and inserted in 
closed containers containing ambient air (WOS), or in containers supplied with 1 ppm ethylene 
containing air (WOS+ET). Leaves were collected after 4 h incubation and analyzed by GC-MS. 
(A) Monoterpenes (linalool, limonene), (B) sesquiterpenes ((E)-β-farnesene, caryophyllene), (C) 
methyl salicylate, and GLV ((Z)-3-hexen-1-ol). (D) Effect of 0-100 ppm concentrations of 
ethylene on production of monoterpene linalool. In (A-C), statistical differences between pairs of 
WOS and WOS+ET treated plants at each age were separately analyzed by Student’s t-test 
(*P<0.05; **P<0.01; ns, not significant). In (D), different letters (a, b) indicate significant 
differences between treatments (P≤0.05) determined one-way ANOVA followed by Fisher’s 
LSD test; n=5 (A-C); n=3 (D); error bars=SE. 
Fig. 7. Effect of ethylene treatment on ethylene-biosynthesis and signaling-related genes in 
rice. Leaf samples were collected before and 0.5, 1, and 4 h after WOS treatment from plants 
kept in the presence (WOS+ET, dashed line) and absence (WOS, solid line) of ethylene (1 ppm). 
(A) Relative transcript levels of ethylene biosynthesis (OsACS1, OsACS3, OsACO1 and 
OsACO2) and signaling (OsETR2, OsEBF1 and OsEIL1)-related genes. Statistical differences 
between treatments were analyzed at each time point by Student’s t-test (*P< 0.05; **P<0.01; 
ns, not significant). n=4; error bars=SE. 
Fig. 8. Effect of ethylene on jasmonate levels and transcription of JA-biosynthesis and 
signaling-related genes in rice. Leaf samples were collected before and 0.5, 1, and 4 h after 
WOS treatment from plants kept in the presence (WOS+ET, dashed line) and absence (WOS, 


















biosynthesis (OsPLDα4, OsLOX1, OsLOX9, OsAOS1, OsAOS2, OsAOC, OsOPR7, OsJAR1and 
OsCYP94C2b) and signaling (OsMYC2, OsJAZ9 and OsJAZ11)-related genes. Statistical 
differences between treatments were analyzed at each time point by Student’s t-test (*P<0.05; 
**P<0.01; ns, not significant). n=4; error bars=SE. 
Fig. 9. Effect of ethylene on VOC biosynthesis-related genes in rice. Leaf samples were 
collected before and 0.5, 1, and 4 h after WOS treatment from plants kept in the presence 
(WOS+ET, dashed line) and absence (WOS, solid line) of ethylene (1 ppm). Relative transcript 
levels of terpenoid (OsDXS3, OsLIS, OsCAS), methyl salicylate (OsPAL, OsSAMT), and GLV 
(OsHPL3)-related genes. Statistical differences between treatments were analyzed at each time 
point by Student’s t-test (*P<0.05; **P<0.01; ns, not significant). n=4; error bars=SE. 
Fig. 10. Ethylene functions in submergence responses of rice. (A) Individual internode 
lengths in 7 week-old rice plants kept under aerated (Air) or 24 h flooded (FL) conditions. (B) 
Effect of 1 ppm ethylene applied for 24 h on relative elongation rate in rice determined as % 
elongation of stem relative to length prior start of treatment. (C) Rice plants were kept aerated 
(Air), or exposed to flooding stress for 24 h (FL), or flooded and treated with WOS (FL +WOS). 
Subsequently, ethylene was determined by GC-FID in head space of cut leaves incubated for 1, 3 
and 6 h in the closed glass containers. (D) VOC levels in non-treated (Cont) and WOS-treated 
leaves from aerated (Air) and 24 h water-submerged (FL) rice. Samples were collected and 
analyzed 4 h after WOS treatment. Statistical differences between internode length (A), stem 
length at each stage (B), Air vs. FL treatments (C), and pairs of treatments (D) were analyzed by 
Student’s t-test (*P<0.05; ns, not significant). Different letters of the same type (small, capital, 
capital italics) in (C) indicate significant differences (P<0.05) between treatments at each 
incubation time point determined one-way ANOVA followed by Fisher’s LSD test. W, weeks-
old; FW, fresh weight; n=5-6; error bars=SE. 
Fig. 11. Effect of water submergence on expression of JA/ethylene signaling and VOC 
biosynthesis genes. Rice plants at 7 weeks were submerged in water for 24 h (FL), or kept 
without water (Air), and subsequently treated with WOS, or left untreated (Cont). Samples were 
collected 1 h after last treatment and analyzed by qRT-PCR. (A) VOC biosynthesis-related genes 
(OsLIS, OsCAS, OsPAL, OsSAMT, OsHPL3), (B) JA biosynthesis/signaling–related genes 


















(OsACS1, OsETR2, OsEBF1). Statistical differences between pairs of flooded and air samples 
were analyzed by Student’s t-test (*P<0.05, **P<0.01; ns, not significant). Arrows show 
suppression or induction of transcripts by flooding stress. n=6; error bars=SE. 
Fig. 12. Effect of water submergence on expression of monoterpenoid pathway genes. Rice 
plants at 7 weeks were submerged in water for 24 h (FL), or kept without water (Air), and 
subsequently treated with WOS, or left untreated (Cont). Samples were collected 1 h after last 
treatment and analyzed by qRT-PCR. Transcript levels of methylerythritol 4-phosphate (MEP) 
pathway-related genes (OsDXS3), 1-DEOXY-D-XYLULOSE 5-PHOSPHATE 
REDUCTOISOMERASE (OsDXR), 4-(CYTIDINE 5'-DIPHOSPHO)-2-C-METHYL-D-
ERYTHRITOL SYNTHASE (OsCMS), 4-DIPHOSPHOCYTIDYL-2-C-METHYL-D-
ERYTHRITOL KINASE (OsCMK), 2-C-METHYL-D-ERYTHRITOL 2,4-CYCLODIPHOSPHATE 
SYNTHASE (OsMCS), 1-HYDROXY-2-METHYL-2-(E)-BUTENYL 4-DIPHOSPHATE 
SYNTHASE (OsHDS) and 1-HYDROXY-2-METHYL-2-(E)-BUTENYL 4-DIPHOSPHATE 
REDUCTASE (OsHDR). Statistical differences between pairs of flooded and air samples were 
analyzed by Student’s t-test (**P<0.01; ns, not significant). Arrows show suppression transcripts 
by flooding stress. n=6; error bars=SE. 
Fig. 13. Effect of ethylene inhibitor 1-MCP on VOC production in rice. Rice plants at 9 
weeks were pretreated with 20 ppm 1-MCP-containing air for 24 h (1-MCP), or kept in container 
with ambient air without ethylene inhibitor (Air), and subsequently treated with WOS, or left 
untreated (Cont). Samples for VOC analysis were collected after 4 h and analyzed by GC-MS. 
(A) Monoterpenes (linalool, limonene), (B) sesquiterpenes ((E)-β farnesene, caryophyllene), (C) 
methyl salicylate, and GLV ((Z)-3-hexen-1-ol). Statistical differences between pairs of 1-MCP-
treated and air samples were analyzed by Student’s t-test (*P<0.05, **P<0.01; ns, not 
significant). FW, fresh weight; n=6; error bars=SE. 
Fig. 14. Effect of ethylene inhibitor 1-MCP on gene expression in rice. Rice plants at 9 weeks 
were pretreated with 20 ppm 1-MCP-containing air for 24 h (1-MCP), or kept in container with 
ambient air without ethylene inhibitor (Air), and subsequently treated with WOS, or left 
untreated (Cont). Samples for transcript analysis were collected 1 h after the last treatment. (A) 
Transcript levels of monoterpene-related OsDXS3 and OsLIS; (B) MeSA-related OsPAL and 


















and air samples were analyzed by Student’s t-test (*P<0.05, **P<0.01; ns, not significant). FW, 
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